The authors measured the effects of bilateral amygdaloid, orbital frontal, or hippocampal lesions on emotional reactivity and passive avoidance in rhesus monkeys (Macaca mulatta). Animals were presented with 8 neutral or 8 aversive objects, each paired with a highly preferred food reward. Shamoperated control animals displayed heightened defensive behaviors and typically would not approach or retrieve the food when paired with a potential predator (coiled rubber snake), 2 conditioned aversive stimuli for laboratory-housed monkeys (a capture net and leather handling gloves), and 1 object displaying a threatening social signal (direct eye contact from a human-like doll). Animals with amygdala lesions, but not hippocampal or orbital frontal lesions, showed less tension-related behaviors and diminished passive avoidance of the rubber snake and its matched neutral item (a coiled piece of hose) relative to control animals. All operated groups displayed normal patterns of behavior toward conditioned and socially aversive objects. These results expand our understanding of how the primate brain evaluates reward and threat, and indicate a highly specialized role for the amygdala in mediating passive avoidance and emotional reactivity to potentially life-threatening stimuli.
following amygdala, orbital frontal or hippocampal lesions (Izquierdo & Murray, 2004; Kalin & Shelton, 1989; Kalin, Shelton, & Takahashi,, 1991; Kalin et al, 2001; 2007; Machado & Bachevalier, 2008; Mason et al., 2006; Rudebeck et al., 2006) . All three areas appear critical for normal behavioral reactivity to such social stimuli. Therefore, we predicted that amygdala, hippocampal, and orbital frontal lesions would each disrupt fear reactivity and passive avoidance to potentially dangerous social stimuli, but only orbital frontal damage may impact on reactivity to conditioned aversive stimuli.
Recent neuroanatomical studies have also demonstrated that the primate orbital frontal cortex is heterogeneous both in cytoarchitecture and pattern of intrinsic and extrinsic connections (Barbas, 2007a; 2007b; Price, 2007) . One prominent view is that the ventral and medial frontal cortex can be divided into two separate, yet partially overlapping, networks (Price, 2007) . A "medial network," including all areas of the medial frontal cortex and the most medial sectors on the orbital surface, has strong connections with the amygdala and autonomic centers in the brain. The "orbital network" includes more lateral areas on the orbital surface and predominantly receives sensory information from all modalities. However, many previous lesion studies investigating the role of the orbital frontal cortex in fear reactivity damaged large portions of the ventromedial frontal lobe (including portions of areas 10, 11, 12, 13 and 14; Butter et al., 1968; 1970; Butter & Snyder, 1972; Izquierdo et al., 2005) , or even included areas of the ventrolateral frontal cortex (area 47/12; Rudebeck et al., 2006) . It has been known for some time that lesions of discrete orbital and lateral frontal subregions in monkeys produce dissociable impairments in extinction and behavioral adaptation when reward contingencies change (Butter, 1969) . Would a different picture of orbital frontal cortex function in fear reactivity and passive avoidance emerge if lesions were mainly confined to areas 11 and 13, rather than also including area 14 and/or 47/12? Although lesion studies have not directly compared the function of specific orbital frontal subregions with respect to fear or anxiety, a recent meta-analysis of 106 human functional neuroimaging experiments indicated that the lateral orbitofrontal cortex (area 47) is most consistently activated in studies of anger perception and expression, whereas fear-related studies most often demonstrate heightened amygdala activity (Murphy, Nimmo-Smith, & Lawrence,, 2003) . Areas of the medial orbitofrontal cortex, such as areas 11 and 13, were not reliably activated for fear or anger. These findings predict that lesions of areas 11 and 13 are likely to produce milder impairments, if any, in fear reactivity to potentially dangerous stimuli relative to larger lesions including lateral regions of the orbital frontal cortex, such as 47/12.
Finally, the rodent hippocampus has been well studied with respect to fear (Hobin, Ji, & Maren, 2006; Holt & Maren, 1999; Maren, Aharonov, & Fanselow, 1997) . By contrast, we know very little about how the primate hippocampus contributes to fear reactivity. Recently, Chudasama and colleagues (2008) demonstrated that neurotoxic lesions of the nonhuman primate hippocampus blunt avoidance and fear reactivity to a fake snake, but not to a toy spider. Would an investigation of how the primate hippocampus contributes to fear and avoidance of a wide range of stimuli confirm or conflict with these previous results? Given that rodents with hippocampal lesions show potentiated startle when exposed to aversive stimuli conditioned prior to surgery (Heldt et al., 2002; Kim & Fanselow, 1992; McNish et al., 1997 McNish et al., , 2000 Phillips & LeDoux, 1992) and nonhuman primates with similar lesions demonstrate decreased emotional responsiveness to staring humans (Machado & Bachevalier, 2008) , we predicted that fear reactivity and passive avoidance to conditioned aversive stimuli would not be affected by hippocampal lesions, but such measures would be blunted when these animals were exposed to social stimuli.
The present study tested these three hypotheses in a group of young-adult rhesus monkeys (Macaca mulatta). We compared the effects of selective amygdala, hippocampal, or orbital frontal lesions using a common behavioral paradigm that measures fear-related behaviors and passive avoidance when animals are exposed to potentially dangerous objects (Amaral et al., 2003; Chudasama et al., 2008; Izquierdo & Murray, 2004; Izquierdo et al., 2005; Kalin et al., 2001; 2007; Mason et al., 2006; Mineka et al., 1980; Rudebeck et al., 2006) . This task allowed the animals to retrieve a positive food reward presented alone or in close proximity to neutral or aversive stimuli. However, our goal was to extend previous research by exposing the monkeys with amygdala, orbital frontal and hippocampal lesions to three different categories of potentially dangerous visual stimuli presented in the same context. Thus, in addition to objects known to naturally initiate fear and defensive responses, such as snakes, we also included objects that the animals had learned to fear in the laboratory environment (i.e., a hypodermic syringe or a capture net), as well as objects with social features (faces) that could potentially stimulate fearful reactions, such as a doll or mirror reflection. A preliminary report of this work has appeared previously in abstract form (Machado & Bachevalier, 2003) .
Method
All procedures were approved by the Animal Care and Use Committee of the University of Texas Health Science Center, Houston and carried out in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals. All efforts were made to minimize the number of animals used, as well as their pain and suffering. No alternatives currently exist for the in vivo techniques described here.
Subjects
Subjects were 24 young-adult male rhesus monkeys (Macaca mulatta), weighing 4.5-6.0 kg and ranging between 3.5 and 4.1 years old at the beginning of testing. Prior to the present study, all animals received pre-and postsurgical assessments of emotional reactivity (Human Intruder Task; Machado and Bachevalier, 2008) , social behavior (Machado & Bachevalier, 2006) , and reward assessment (Machado & Bachevalier, 2007a; 2007b) and were also tested postoperatively in the Visual Paired Comparison task (Bachevalier & Nemanic, 2008) .
Animals were randomly assigned to one of the following five experimental groups, which were balanced with respect to presurgical social dominance rank and age: Sham-operated control (C; n = 6), neurotoxic hippocampal lesion (H-ibo; n = 6), neurotoxic amygdala lesion (A-ibo; n = 6), and neurotoxic orbital frontal lesion (O-ibo; n = 3). Given that the neurotoxic orbital frontal lesions resulted in incomplete damage to this region (see Table 1 ), the remaining three animals received aspiration orbital frontal cortex lesions (O-asp; n = 3).
All animals were raised in semi-naturalistic, outdoor enclosures at the MD Anderson Cancer Center Science Park in Bastrop, Texas. Once being transferred to the laboratory, animals were housed individually and maintained on a 12-hr light/dark cycle. They were fed daily with fresh fruit, vegetables, and high-protein monkey chow (Lab Diet #5045, PMI Nutrition International Inc., Brentwood, MO), and received water ad libitum.
Neuroimaging
MRI procedures have been detailed in four previous studies from our laboratory (Machado & Bachevalier, 2006 , 2007b Nemanic, Alvarado, Price, Jackson, & Bachevalier,, 2002; Nemanic, Alvarado, & Bachevalier, 2004) . Briefly, animals were maintained under general anesthesia throughout the scanning procedure. Two scanning sessions were performed with a GE Signa 1.5 Tesla Echo Speed scanner (GE Medical Systems, Milwaukee, WI). The first session occurred 1-3 weeks before surgery, and included one T1-weighted structural scan (1 mm thick) and three Fluid Attenuated Inversion Recovery (FLAIR; 3 mm thick, each offset by 1 mm) scans. The second session occurred 7-10 days after surgery and included the same two MRI series. Presurgical T1-weighted images were used to select stereotaxic coordinates for neurotoxin injections (Saunders Aigner, & Frank, 1990) or to visualize sulcal landmarks for orbital frontal cortex lesions. Postsurgical T1-weighted images were used to quantify the extent of orbital frontal cortex aspiration lesions (Group O-asp). Postsurgical FLAIR images were used to identify localized areas of edema indicative of neurotoxin-induced cell death, and were used to quantify lesion extent for Groups H-ibo, A-ibo and O-ibo (Málková, Lex, Mishkin, & Saunders, 2001; Nemanic et al., 2002) .
Surgery
A detailed description of all surgical procedures can be found elsewhere (Machado & Bachevalier, 2006; Nemanic et al., 2002; . Briefly, surgical procedures were performed under deep general anesthesia using aseptic techniques. Vital signs were monitored throughout the surgical procedure until the animal recovered fully from anesthesia. The scalp and connective tissue were incised and gently retracted together with the temporalis muscles. Each group then underwent lesion-specific procedures.
Neurotoxic hippocampal formation lesions were intended to damage all ammonic fields, the dentate gyrus, the prosubiculum, and subiculum. Neurotoxic amygdala lesions were intended to damage all amygdaloid nuclei. For these two operated groups, small bilateral craniotomies were created above the injection sites and slits were cut in the dura bilaterally to allow the needle of the 10 μl Hamilton syringe, held by a Kopf electrode manipulator (David Kopf Instruments, Tujunga, CA), to be lowered to the appropriate injection coordinates. Two Hamilton syringes were filled with ibotenic acid (Biosearch Technologies, Novato, CA, 10 mg/ml in phosphate buffered saline, pH 7.4) and delivered the neurotoxin to each hemisphere simultaneously.
Orbital frontal cortex lesions (both ibotenic and aspiration) were intended to damage those areas of the ventral frontal cortex that are heavily interconnected with the amygdala (Amaral, Price, Pitkänen, & Carmichael, 1992; Ghashghaei, Hilgetag, & Barbas, 2007) , namely areas 11 and 13 (as defined by Carmichael & Price, 1994) . The bone of the supraorbital ridge was opened, followed by incision and retraction of the dura. The surface landmarks used to approximate areas 11 and 13 were (a) a line joining the anterior tips of the medial and lateral orbital sulci, (b) a line joining the medial bank of the lateral orbital sulcus and the olfactory stria just anterior to its division into the medial and lateral olfactory tracts, posteriorly, (c) the lateral border of the olfactory stria, medially, and (d) the medial bank of the lateral orbital sulcus, laterally. For Group O-ibo, ibotenic acid was injected manually in a 2 mm × 2 mm square matrix within these borders. For animals in Group O-asp, 21-and 23-gauge suckers were used to aspirate the cortical tissue contained within these limits until the white matter beneath could be seen.
For sham lesions, bilateral craniotomies (similar to those used for hippocampal formation or amygdala lesions) were made. For five of the six cases, the dura was cut bilaterally, but no needle penetrations occurred. The remaining animal (case C-1-inj) was prepared to serve as a control animal for one of the hippocampal-operated animals that sustained inadvertent damage to the putamen. Case C-1-inj received ibotenic acid injections into the section of the putamen, which lies dorsal to the posterior one third of the amygdala and the anterior one third of the hippocampal formation.
Following these group-specific procedures, the wound was closed in anatomical layers and the animal was removed from anesthesia. During recovery from surgery, none of the animals displayed any changes in food and water consumption, or arousal state. Reduced locomotor behaviors and weakness of the limbs were temporarily observed in the two cases that sustained additional damage to the ventral putamen (i.e., cases C-1-inj and H-ibo-1, see Machado & Bachevalier, 2006) . Because behavioral results of case C-1-inj did not differ from Group C, its data were pooled with those obtained from the other animals in Group C.
MRI-Based Lesion Evaluation
Lesions were evaluated using MRI techniques since all animals used for this study died in the flooding of Tropical Storm Allison in June 2001. These techniques provide an accurate estimate of cell loss following neurotoxic hippocampal lesions in nonhuman primates (Málková et al., 2001; Nemanic et al., 2002) and have been described in detail previously (Machado & Bachevalier, 2006 , 2007a , 2007b . Figures 1-4 illustrate a representative case of each lesion type. A full description of lesion extents has been previously reported for all animals (Machado & Bachevalier, 2006) , so only a summary will be provided here. Neurotoxic hippocampal lesions (range: 66.2-99.1%; see Table 1 and Figure 1 ) and neurotoxic amygdala lesions (range: 50.1-90.0%; see Table 1 and Figure 2 ) were largely as intended, and resulted in only mild to moderate inadvertent damage in adjacent regions (i.e., the pes hippocampus for Group A-ibo, see Figure 2 level + 15, and areas TH/TF for Group H-ibo). Aspiration orbital frontal cortex lesions resulted in damage largely confined to areas 11 and 13 (range: 87.5-91 .9%, see Table 1 and Figure 3) , as well as the anterior one third of the agranular insular area (5.7-22.6%). By contrast, the three cases with ibotenic acid orbital frontal lesions received damage not only to areas 11 and 13 (range: 28.5-45.2% ), but also mild to moderate damage to neighboring area 14 (range: 7.1-36.4%), area 12 (range: 1.6 -34.9%) and more substantial damage to agranular insular area (range: 31.2-41.5%; see Table 1 ). In addition, the hypersignals seen within the orbital frontal regions were confined mostly to the superficial cortical layers and avoided the deepest layers (see Figure 4) , resulting in comparably lower total volume but larger total surface area of damage relative to Group O-asp.
Testing Apparatus and Procedures
Animals were tested in a small stainless steel cage (47 cm wide × 56 cm tall × 47 cm deep) positioned on a rolling base, with a front panel containing vertical bars spaced 6 cm apart. Animals were wheeled to a modified Wisconsin General Testing Apparatus (WGTA) equipped with two opaque, vertically sliding panels: one between the animal and a test tray, and another between the experimenter and the test tray. This tray contained three food wells (one well at center, 16 cm from the animal, two lateral wells located 13 cm on either side, each 2 cm in diameter and 1 cm deep). Only the center well was used for this experiment. All food wells were within arm's reach for the animals, but only if they were seated in the front half of the test cage. The experimenter controlled each panel by manipulating two weighted pullies, allowing either himself or the animal access to the test tray. The animal could not see the experimenter during a testing session and could not see the objects prior to presentation. All animals had equal and extensive prior experience with the WGTA due to a previous food preference study conducted both before and after surgery (Machado & Bachevalier, 2007b) .
Sixteen inanimate stimuli were chosen for this experiment. The emotional valence of these items varied such that eight objects were intended to be aversive or potentially dangerous, whereas the remaining eight were intended to be neutral items of similar size and shape. The aversive items were specifically selected to be either items that the animals innately feared (rubber snake; Mineka et al., 1980; Mineka & Öhman, 2002) , items common to the nonhuman primate laboratory that, in our experience with this population, readily elicited fear (hypodermic syringe, capture net, handling gloves, and a pistol-grip water nozzle) or items with a social component (Mr. Potato Head, girl doll, and mirror reflecting monkey image). Social stimuli such as these elicit behavioral expressions of fear, passive avoidance and/or generalized tension since direct eye contact is a highly threatening gesture among macaque monkeys (Chevalier-Skolnikoff, 1973; van Hooff, 1967) . The eight aversive items and the eight neutral items with which they were paired are briefly described in Table 2. Animals were tested over 4 days approximately 10 months after surgery. Two of the eight neutral/aversive stimulus pairs were presented daily, without replication, to measure emotional reactivity and passive avoidance elicited without the influence of experience or habituation. A seedless grape was paired with each of the items to motivate approach. The same food reward was used for all animals since previous food preference testing with these same animals indicated that it was highly preferred both before and after surgery (Machado & Bachevalier, 2007a) . A given pair of neutral and aversive objects was presented within a block of four 1-min trials: (a) Baseline Trial-nothing presented on the test tray, (b) Grape Only-grape presented in the center food well, (c) Neutral Item-a neutral item was positioned 2 cm behind the grape in the center food well, and (d) Aversive Item-an aversive item was positioned 2 cm behind the grape. Two four-trial blocks occurred each day, and each trial was separated by a 30-s intertrial interval (ITI). During each trial, animals could take or manipulate the grape and item freely, if present. During the ITI, the opaque panel between the animal and the test tray was lowered, the object and food reward were removed (if present), and the tray was reset for the next trial with the requisite stimuli. The sequence of the four trials within a block occurred either in the order described above (i.e., 1 → 4) or the reverse order (4 → 1). Exposure to each of these two trial sequences was balanced within each group and across test days by Latin Square. To control for circadian effects on animals' motivation, all testing for this experiment occurred between 10:00 a.m. and noon (i.e., at least 18 hr after their last feeding). Testing order was generated randomly, and that order was counterbalanced within each lesion group.
Behavioral Measures
All trials were videotaped using a Sony Handycam (model CCD-FX710), and these videotapes were subsequently scored by one, previously trained observer (CM) using The Observer Video Pro software package (Noldus, Trienes, Hendriksen, Jansen, & Jansen, 2000) and the behavioral ethogram described in Table 3 . Individual behaviors were grouped into more general behavioral categories (also shown in Table 3 ) for statistical analyses.
This ethogram differs from those described in several previous reports from our laboratory (Meunier et al., 1999; Meunier & Bachevalier, 2002; Meunier, Nalwa, & Bachevalier,, 2003; Meunier, Cirilli, Bachevalier, 2006) , but closely resembles the ethogram reported recently by Machado and Bachevalier (2008) . Specifically, we expanded the number of behaviors in these more recent ethograms to detect subtle differences between each operated group. Several behaviors have also been grouped into different general categories. For example, we previously classified yawns as mildly aggressive, but in the current study this behavior is included in a general category of Tension Behaviors. While the categorization of macaque monkey behavior is inherently subjective, the categories used here were specifically designed to differentiate between behavioral reactivity that typically occurs only in the presence of a threatening stimulus (Defensive Behaviors) and behaviors that convey more generalized fear or anxiety, but do not occur exclusively in the presence of a threatening stimulus (Tension Behaviors). An animal's body posture in the test cage can also give an indication of generalized tension. For example, when monkeys are relaxed or engaging in simple exploratory behaviors, they typically sit on their callosities or stand with all four limbs touching the floor. By contrast, when animals exhibit the Tension Behaviors described in Table 3 , they may also adopt an atypical posture, such as crouching, hanging, or standing bipedal.
We also attained two different, yet complementary, measurements of passive avoidance for each object presented. Back of Cage Duration measured the total time (in seconds) that the animal spent in the back half of its testing cage during each trial. The Grape Retrieval Latency (GRL) measured the animal's latency to take the grape into its cage, relative to when the opaque panel was raised at the start of each trial. The GRL, therefore, provides an indication of the animal's assessment of the reward's value relative to the stimulus with which it is paired.
Beyond these measures of behavioral reactivity and passive avoidance, a group of common macaque affiliative behaviors (groom and mount solicitations, lip smacking, and grunt vocalizations) was also scored since several objects included in the study had the potential for social engagement (i.e., mirror or girl doll). Heightened frequencies of self-directed and exploratory behaviors have also classically been observed for monkeys with large temporal lobe lesions (Klüver and Bucy, 1939) and were also included here. Finally, we chose to measure how much visual attention the animals devoted to each neutral or aversive object by measuring the animal's gaze direction (looking within 45° of the test tray center vs. looking elsewhere).
Data Analysis
For all groups, frequency and duration for each individual behavior described in Table 3 were summed within each general category. The distributions of category totals for each object were first assessed for normality using the Shapiro-Wilk test, and inspection of the skewness and kurtosis ratios. From this analysis, total frequency and duration from a majority of the objects were found not to be normally distributed for one or more groups. Therefore, all data were log 10 (x + 1) transformed prior to statistical analyses, but nontransformed values were used for illustration purposes.
We also performed preliminary data analyses to ascertain if orbital frontal lesion method had any profound effects on the behavioral data, or if any animals consistently refused the food reward when presented alone. To investigate if lesion method impacted differentially on the behavior of Groups O-asp and O-ibo, these two groups were compared for all behavioral categories and all neutral/aversive object pairs using General Linear Model ANOVAs with Group (2) as the between subjects factor and Condition (4; Baseline, Grape Only, Neutral Object, and Aversive Object) as a within subjects factor with repeated measures using the SPSS 12.0 statistical analyses package. For these analyses, data from each of the eight Baseline conditions and eight Grape Only trials were separately averaged. A Huynh-Feldt correction was used to adjust the degrees of freedom if sphericity could not be assumed. No significant ( p < .05) main effects of Group or interactions between Group and Condition were found for any of the behavioral categories described in Table 3 across any of the eight object pairs [frequency data: group effects, .005 < F(1, 4) < 2.6, all p > .18, Group × Condition effects, .01 < F(3, 12) < 2.7, all p > .10; duration data: group effects, .001 < F(1, 4) < 1.5, all p > .30, Group × Condition effects, .16 < F(3, 12) < 1.6 , all p > .25; latency data: group effects .004 < F(1, 4) < 1.2, all p > .33, Group × Condition effects, .029 < F(2, 8) < .755, all p > .50]. Therefore, in the results section below, Groups O-asp and O-ibo are pooled into a single Group O.
Although all animals had shown high preference for grapes during a food preference study conducted earlier (Machado & Bachevalier, 2007a) , it was necessary to determine if any animals consistently refused grapes in the current testing context. GRL z-scores were calculated for each animal across the 16 stimuli and an average of the eight Grape Only conditions. Z-scores greater than ± 2 identified animals that significantly deviated from their group's mean and could therefore be considered outliers. From this assessment, one animal (H-ibo-1) rarely retrieved the food reward during the Grape Only trials and never selected the grape when presented with an object. This animal was therefore omitted from analysis of GRL data, but was included in analysis of the behavioral reactivity data since there was no reason to assume that this animal's lack of food motivation would affect its emotional reactivity to threatening stimuli.
Following these preliminary assessments, we focused our analysis on Group C to determine if any of the aversive objects in each general category (Innately Aversive, Conditioned Aversive, and Socially Aversive) chosen by the experimenters were ineffective in producing reliable behavioral reactivity and passive avoidance in normal monkeys. Since one object in each series was specifically chosen to be more aversive than its paired neutral item, we predicted that the aversive items would provoke more Defensive Behaviors and Tension Behaviors, more time in the Back of Cage, and increased latency to retrieve the grape (GRL) relative to their paired neutral item, as well as the Grape Only and Baseline conditions. We therefore used one-tailed paired-sample t tests (aversive > neutral, Grape Only and Baseline) to compare these three variables for Group C across the eight neutral-aversive object pairs, the average of eight Grape Only conditions and the average of eight Baseline conditions.
To assess the effect of each lesion, behavioral data for each object series were analyzed across the four experimental groups using repeated-measures ANOVAs. The four experimental groups did not differ in GRL during the Grape Only conditions (one-way ANOVA, p > .10). Therefore, GRL data were analyzed using 4 Group × 2 Condition (neutral object and aversive object only) repeated-measures ANOVAs. Frequency and duration data were analyzed using 4 Group × 4 Condition (Baseline, Grape Only, neutral object, and aversive object) repeated measures ANOVAs. In both repeated measures analyses, significant main effects of Group were investigated further using two-sided Dunnett tests to investigate differences between Group C and the three operated groups and Tukey's tests when comparing the three operated groups to each other. Main effects of Condition do not provide information regarding differences between the experimental groups, and therefore will not be presented. We employed two-tailed paired-samples t tests and one-way ANOVAs in the post hoc analysis of Group × Condition interactions, since we could not make a priori predictions as to the direction of all lesion effects.
Statistical significance was set at p < .05 (uncorrected for multiple comparisons) for both the analysis focused on Group C and when all groups were compared. However, given the low number of animals in each experimental group and the heterogeneity of lesion extents, we occasionally report results for which p values fall just above this threshold. Results are identified as marginally significant if their p value is greater than .05 but less than .10. Finally, Pearson product-moment correlation matrices were also generated to determine if the extent of damage to any brain region (intended or unintended) may have significantly influenced the behavioral parameters measured.
Results

Behavior of Sham-Operated Control Animals
The analysis of Group C alone focused on the most reliable indicators of emotional reactivity (Defensive Behaviors and Tension Behaviors) and passive avoidance (Back of Cage Duration and GRL) in our ethogram. The Innately Aversive object (Rubber Snake) was a highly aversive stimulus for sham-operated animals resulting in heightened Defensive Behaviors relative to the Coiled Hose condition (average: 1.2 with the Rubber Snake vs. 0.2 with the Coiled Hose, see Figure 5A ), but this difference did not reach significance (t = 1.464, p = .10, one-tailed). The differences between the Rubber Snake and the Baseline or Grape Only conditions also fell just short of significance (average: 0.1 for both the Baseline and Grape Only conditions, t = 1.909 and 1.882, respectively, both p = .06, one-tailed). Tension Behaviors did not differ between Rubber Snake and either the Coiled Hose, Grape Only, or Baseline conditions (all p > .10; Figure 5B ). Sham-operated controls did however spend more time in the Back of Cage when facing the Rubber Snake (32 s; Figure 5C ) as compared to the Coiled Hose, Grape Only, and Baseline conditions (t = 2.165, 2.465, and 2.643, respectively, all p < .05, one-tailed). Finally, as shown in Figure 5D , their GRL averaged 47.7 s for the Rubber Snake as compared to 25.2 s for the Coiled Hose (t = 2.184, p < .05, one-tailed) and 5.6 s for the Grape Only condition (t = 6.136, p < .001, one-tailed). It is also noteworthy that Group C found the Coiled Hose stimulus to be mildly aversive relative to the other neutral items in terms of GRL (see Figure 5D ). Although this heightened aversion was not significant, it may have been due to the Coiled Hose being positioned on the testing tray in the same way as the Rubber Snake ( Figure 6A ).
Of the four Conditioned Aversive objects (Hypodermic Syringe, Water Nozzle, Handling Gloves, and Capture Net), only two triggered aversive reactions in sham-operated controls. For the Capture Net, Group C displayed more Defensive Behaviors ( Figure 5A ) as compared to the neutral item (Mop, t = 2.087, p < .05), Grape Only (t = 1.853, p = .06) and Baseline (t = 1.853, p = .06) conditions. Heightened Back of Cage Duration (Mop: t = 3.089, Grape Only: t = 2.488, Baseline: t = 2.210, all p < .05, one-tailed; Figure 5C ) and a longer GRL (Mop: t = 3.557, Grape Only: t = 6.371, all p < .01, one-tailed; Figure 5D ) were also observed for the Capture Net. There was no significant difference in Tension Behaviors between the Capture Net, Mop, Grape Only and Baseline conditions (all p > .10; Figure 5B ). The same pattern existed for the Handling Gloves/ Latex Gloves series, but the pairwise differences between conditions were significant only for Back of Cage Duration (Latex Gloves: t = 4.558, Grape Only: t = 2.441, Baseline: t = 2.860, all p < .05, one-tailed; Figure  5C ) and for GRL (Latex Gloves: t = 3.233, Grape Only: t = 4.579, all p < .01, one-tailed; Figure 5D ) and fell just short of significance for Defensive Behaviors (Latex Glove: t = 1.865, Grape Only and Baseline: t = 1.869, all p = .06, one-tailed; Figure 5A ). Significant differences in Defensive Behaviors, Tension Behaviors, Back of Cage Duration, and GRL were not detected between conditions for the other two Conditioned Aversive objects-the Hypodermic Syringe and Water Nozzle.
Since direct eye contact is a threatening social signal among rhesus macaques (van Hooff, 1967; Chevalier-Skolnikoff, 1973) , three stimuli (Mirror, Mr. Potato Head, and Girl Doll) were grouped into a Socially Aversive category. Again, there were clear differences in how the control animals reacted to these three social stimuli. For the Girl Doll, sham-operated animals showed heightened Defensive Behaviors (Water Bottle: t = 2.712, Grape Only: t = 2.051, and Baseline: t = 2.071, all p < .05, one-tailed; Figure 5A ), spent more time in Back of Cage (Water Bottle: t = 4.54, p < .01, Grape Only: t = 2.002, p .05; Baseline: t = 1.832, p = .06, all one-tailed; Figure 5C ), and had longer GRLs (Water Bottle: t = 2.203, p < .05; Grape Only: t = 10.336, p < .001, all one-tailed; Figure 5D ). Tension Behaviors did not differ significantly between the Girl Doll and the three other conditions (all p > .10). None of the four parameters differed appreciably across conditions for the Mr. Potato Head/Plastic Jug or Mirror/Beach Picture series.
In summary, sham-operated controls consistently displayed heightened Defensive Behaviors, longer Back of Cage Durations and lengthier GRLs for four aversive objects (Rubber Snake, Capture Net, Handling Gloves, and Girl Doll). These objects, and their paired neutral items, then became our main focus when contrasting the effects of amygdala, hippocampal, or orbital frontal lesions to those of sham lesions.
Emotional Reactivity and Passive Avoidance after Amygdala, Hippocampal, or Orbital Frontal Lesions
The three experimental groups did not differ significantly from the sham-operated group in any parameters measured when they experienced any of the Conditioned Aversive objects or the Socially Aversive objects. There were also no significant correlations between intended or unintended lesion extent and any behavioral variables measured during presentation of these stimuli. By contrast, group differences did emerge for the Innately Aversive object (Rubber Snake) but only for Group A-ibo.
For the Coiled Hose/Rubber Snake series, the four experimental groups differed in the frequency of Tension Behaviors (see Table 3 Animals with amygdala lesion also differed from control animals in one measure of passive avoidance (Grape Retrieval Latency; Figures 6D and 6E ), but not for Back of Cage Duration. A 4 Group × 2 Condition (Rubber Snake vs. Coiled Hose) repeated measures ANOVA revealed that Group A-ibo displayed a shorter GRL than Group C for both the Rubber Snake and Coiled Hose [Group effect: F(3, 19) = 3.007, p = .06; post hoc: Dunnett Group C vs. Group A-ibo, p < .05]. This group difference was present across the two conditions as revealed by an nonsignificant Group × Condition interaction [F(3, 19) = .323, p > .10]. For Group A-ibo, average GRL across the Coiled Hose and Rubber Snake conditions also correlated negatively with percentage of right hemisphere amygdala damage (r 2 = −0.831, p < .05), but not for damage in the left hemisphere (r 2 = −0.433, p > .10). It is also interesting to note that, although GRLs for Group A-ibo were typically shorter than those of Group C for all other Conditioned and Socially Aversive stimuli ( Figure 6E ), these differences did not reach significance (all p > .05). Again, Groups H-ibo and O did not differ appreciably from the sham-operated controls or any other experimental groups in GRL.
Discussion
The current study, although closely related to several previous reports (Amaral et al., 2003; Chudasama et al., 2008; Izquierdo & Murray, 2004; Izquierdo et al., 2005; Kalin et al., 2001; 2007; Mason et al., 2006; Mineka et al., 1980) , was the first to simultaneously study emotional reactivity and passive avoidance in monkeys with selective amygdala, orbital frontal, or hippocampal lesions using a wide range of aversive stimuli. Shamoperated control animals typically showed heightened defensive behaviors, physically avoided and refused to take a highly preferred food during trials with a potential predator (coiled rubber snake), two conditioned aversive stimuli (a nonhuman primate capture net and a pair of nonhuman primate handling gloves), and one socially aversive object (a human-like doll displaying direct eye contact). We found that all operated groups were able to display appropriate emotional reactivity and passive avoidance when confronted with the conditioned aversive and socially aversive stimuli. By contrast, animals with amygdala lesions, but not hippocampal or orbital frontal lesions, showed blunted tension-related behaviors and diminished passive avoidance when exposed to a potential predator. Each of these results will be discussed further in the following sections.
Preserved Reactivity and Avoidance Toward Conditioned and Socially Aversive Stimuli
Animals with amygdala, orbital frontal or hippocampal lesions demonstrated normal passive avoidance and emotional behaviors toward several different types of potentially dangerous stimuli, regardless of size (e.g., large capture net or small hypodermic syringe; see Table 2 ). Neither amygdala, orbital frontal, nor hippocampal lesions altered animals' normal fear of two conditioned aversive stimuli (a nonhuman primate capture net and leather handling gloves). It is likely that our animals learned to fear such items while living in seminaturalistic or laboratory settings prior to their lesion. Although such exposures were not explicitly documented, capture with nets and physical restraint with thick, leather gloves are common handling procedures for nonhuman primates. It is possible that during these exposures, our animals learned that capture nets and leather handling gloves resulted in aversive consequences and should be avoided. Even after amygdala, orbital frontal, or hippocampal lesions, animals could show normal levels of tension-related or defensive behaviors (see Table 3 ) and were able to refrain from approaching and reaching toward a preferred food in close proximity to these items like sham-operated animals did, presumably because they were still able to remember the association between the visual properties of these stimuli and their aversive consequences. One could also argue that each of our conditioned aversive items is normally experienced while being held by a human. However, in the testing context used here, they were simply placed on a testing tray and perhaps that difference diminished their aversive connotations. While this is a valid point, our results are consistent with a recent study in monkeys that found intact potentiated startle reflexes following amygdala lesions when animals were exposed to stimuli conditioned prior to surgery (Antoniadis et al., 2007) . Our results are also consistent with rodent studies of inhibitory avoidance and fear conditioning as assessed by potentiated startle. Posttraining amygdala lesions do not impair animals' ability to avoid entering a compartment previously paired with aversive consequences (Parent et al., 1995) . Similarly, posttraining hippocampal lesions also do not affect potentiated startle reflexes to explicit stimuli conditioned prior to surgery (Heldt et al., 2002; Kim & Fanselow, 1992; McNish et al., 1997 McNish et al., , 2000 Phillips & LeDoux, 1992) . The effects of posttraining orbitofrontal cortex lesions in rodents have not, to our knowledge, been investigated with respect to behavioral inhibition in response to aversive stimuli. However, functional neuroimaging studies with humans indicate that the amygdala and anterior cingulate cortex, but not the orbitofrontal cortex, show elevated activity during the acquisition and expression of conditioned fear (Buchel Morris, Dolan, & Friston, 1998; LaBar, Gatenby, Gore, LeDoux, & Phelps, 1998) . By contrast, the orbitofrontal cortex, along with the amygdala, demonstrates elevated activity during extinction of conditioned fear learning (Gottfried & Dolan, 2004) . Each of these examples lend support to the results generated here, further indicating that neither the amygdala, hippocampal formation, nor the orbital frontal cortex are solely responsible for the normal expression of fear or passive avoidance once aversive consequences are learned, especially if contingencies remain consistent.
Besides conditioned aversive stimuli, the current study also assessed emotional reactivity and avoidance of three stimuli that had a social component (i.e., a girl doll, a small mirror, and a child's toy with atypical facial features). Similar to the conditioned aversive objects, and contrary to our hypothesis, none of the lesions had any effect on emotional reactivity or passive avoidance of these stimuli. This finding appears to be at odds with several previous nonhuman primate studies that examined reactivity to stimuli of a social nature. Butter and colleagues (1970) exposed monkeys with ventral frontal cortex lesions to a toy "troll" doll with distorted facial features (see Figure 1 in Butter et al., 1970) . The operated animals displayed blunted aggressive behaviors toward the doll, and this impairment was long lasting. The different findings between this study and the current experiment may have been due largely to the size of lesion. The lesions performed by Butter and colleagues (1970) incorporated the entire ventral frontal cortex, including not only areas 11 and 13, but also areas 14 and 47/12 (see Figure 3 in Butter et al., 1970) . The orbital frontal lesions in the current study were largely confined to areas 11, 13 and the anterior agranular insular area, but largely spared areas 14 and 47/12. Reactivity to social stimuli has more commonly been studied with nonhuman primates using the Human Intruder paradigm (Izquierdo & Murray, 2004; Kalin & Shelton, 1989; Kalin et al., 1991; 2001; 2007; Machado & Bachevalier, 2008; Mason et al., 2006) , which compares emotional reactivity to an unfamiliar human displaying either direct eye contact or averted gaze. In this context, amygdala damage typically results in diminished defensive freezing and increased time at the front of the test cage (Kalin et al., 2001; Machado & Bachevalier, 2008; Mason et al., 2006) . Orbital frontal lesions produce a similar pattern of behavioral deficits (Kalin et al., 2007; Machado & Bachevalier, 2008) , along with an increase in mild aggression (a category including frowning, ears back, and yawning; Izquierdo et al., 2005) and decreases in two types of dominance displays, called tooth grinding and cage shaking (Machado & Bachevalier, 2008) . We also previously reported that amygdala or orbital frontal cortex lesions changed how the same animals studied here respond to threatening and affiliative social cues from familiar conspecifics (Machado & Bachevalier, 2006) . The results from the current study did not corroborate any of these previous findings regarding emotional reactivity to social stimuli, but are similar to findings recently described by Rudebeck and colleagues (2006) . This group found no difference between animals with ventromedial frontal lobe damage (including areas 11, 13, 45, and 47/12 in their entirety, along with portions of areas 8, 9, 10, and 46) and unoperated controls in willingness to retrieve a food reward positioned in front of a video monitor displaying other monkeys. One explanation for these incongruent results may relate to a difference between how the primate brain interprets the meaning of real versus inanimate social stimuli. Interpreting the meaning or threat level of an inanimate girl doll or a video presentation of another monkey may be comparatively less intensive than the same assessment for an actual, unfamiliar human intruder or multiple social partners. The latter cognitive appraisal may be more dependent upon the amygdala, hippocampal formation and orbital frontal cortex, but future studies using both real and inanimate social stimuli are required to directly test this hypothesis.
It is unclear, however, what neural regions could be supporting these intact fear and avoidance abilities in our operated animals. There have been recent indications in the rat literature that the anterior cingulate cortex may be important for the storage of fear memories (Frankland, Bontempi, Talton, Kaczmarek, & Silva, 2004; Han et al., 2003; Santini, Ge Ren Peña de Ortiz, & Quirk, 2004) . Rudebeck and colleagues (2006) also recently demonstrated that monkeys with lesions confined to the anterior cingulate gyrus, but not ventromedial frontal cortex or anterior cingulate sulcus, result in less passive avoidance and fewer behavioral responses when exposed to social stimuli (staring human and video clips of other monkeys). It is therefore possible that animals with orbital frontal cortex lesions are able to use their intact anterior cingulate cortex, amygdala, and medial temporal lobe memory system (i.e., hippocampus, entorhinal cortex, perirhinal cortex, and parahippocampal gyrus) to mediate normal avoidance of familiar aversive stimuli. By contrast, normal fear and avoidance for animals with amygdala or hippocampal lesions could be mediated by the anterior cingulate cortex and their largely intact perirhinal and entorhinal cortices. The latter two cortical regions are known to be critical for the formation and maintenance of associations between visual stimuli and their motivational significance (Liu, Murray, & Richmond, 2000; . Lesions of these cortical areas in monkeys also result in attenuated affiliation and approach, as well as enhanced defense in an approach/ avoidance task similar to that described here (Chudasama et al., 2008; Meunier & Bachevalier, 2002; Meunier et al., 2006) .
The Amygdala and Fear of Predatory Stimuli
Relative to normal animals, those with amygdala lesions, but not orbital frontal or hippocampal lesions, displayed significantly less passive avoidance of a predator-like stimulus (coiled rubber snake), and a similarly coiled piece of hose. This blunted avoidance was negatively correlated with damage to the right amygdala only, which was likely due to more complete lesions in this hemisphere (see Table 1 ) rather than contradicting a previous study that found no laterality effect in emotional processing for macaques (Izquierdo & Murray, 2004) . Animals with amygdala lesions also showed far less Tension Behaviors (see Table 3 ) than sham-operated controls and animals with hippocampal lesions throughout the entire Baseline/Grape Only/Coiled Hose/Rubber Snake series. Although the blunted passive avoidance and generalized tension demonstrated by animals with amygdala lesions transcended the other conditions in this series (Baseline, Grape Only, and Coiled Hose), this pattern of behavior did not reach significance for any other conditioned or socially aversive object series. One interpretation of these differing results across categories of aversive stimuli is that the amygdala is a particularly important neural structure for mediating normal tension and passive avoidance when faced with predatory stimuli, but less involved in mediating such behavior for other potentially dangerous conditioned or socially aversive stimuli. This conclusion is in accord with other recently published results for the amygdala generated under similar conditions (Amaral et al., 2003; Izquierdo & Murray, 2004; Kalin et al., 2001; Meunier et al., 1999; Meunier & Bachevalier, 2002) . Blunted aversion to a snake or predator-like stimulus is one of the most consistent observations reported across laboratories for macaques with amygdala lesions, and is likely not due to inadvertent damage to the subjacent entorhinal and perirhinal cortices (Meunier & Bachevalier, 2002; Meunier et al., 2006) . Our experiment went a step beyond previous investigations by exposing animals to a variety of aversive items to ascertain the limits of blunted fear and passive avoidance following amygdala lesions. Beyond decreased fear of a predator-type stimulus, animals with amygdala lesions were largely normal in their emotional reactions and passive avoidance of potentially dangerous stimuli. It appears as though the amygdala has been tuned through natural selection to facilitate tension-related behaviors and passive avoidance in response to stimuli that pose a direct and consistent threat to survival (Izquierdo & Murray, 2004; Mineka & Öhman, 2002) . This idea is also compatible with rodent studies, since amygdala lesions abolish freezing in the presence of cat odor (Blanchard, Canteras, Markham, Pentkowski, & Blanchard,, 2005; Li, Maglinao, & Takahashi, 2004) . While our data lend support to this idea, additional studies are certainly required, perhaps with more than just one potentially life-threatening or predatory stimulus.
As mentioned above, animals with hippocampal lesions demonstrated normal avoidance of the rubber snake. This result appears to be in direct contrast with previous rodent and nonhuman primate studies. Rodents with ventral but not dorsal hippocampus lesions demonstrate reduced fear to cat odor (Blanchard et al., 2005) . However, this discrepancy could be due to differences between species and modalities used to cue fear behaviors. Chudasama and colleagues (2008) also recently reported blunted snake fear in monkeys with neurotoxic hippocampal lesions using similar methods to ours, but presented the fake snake five times, each on separate days. In that study, diminished snake fear relative to control monkeys became apparent for animals with hippocampal lesions on the third, fourth, and fifth exposures to the fake snake. In fact, similar to our results, animals with hippocampal lesions reported by Chudasama and colleagues (2008) showed normal levels of snake fear on their first exposure to this stimulus (see Figure 2A in Chudasama et al., 2008) . The culmination of these two studies indicate that the hippocampal formation may not be critical for initial fear reactivity to potential predators, but could be more important for potentiating fear and passive avoidance over time or with regard to context (Chudasama et al., 2008) .
Regarding the orbital frontal cortex, our observation of normal avoidance of a rubber snake also appears somewhat different from three previous reports. First, ventral frontal lobe damage reduces aggression (Butter et al., 1970) and passive avoidance (Kalin et al., 2007; Rudebeck et al., 2006) in monkeys confronted by a moving snake model or a real snake. The discrepancy between these studies and the current results could again be due to a difference in how animate and inanimate stimuli are processed by the primate brain, rather than due to differences in lesion size. While the lesions studied by Butter and colleagues (1970) and Rudebeck and colleagues (2006) incorporated orbital frontal and ventrolateral prefrontal cortex, the lesions studied by Kalin and colleagues (2007) were nearly identical to those in the current study (largely confined to areas 11 and 13, but also damaged a small, medial portion of area 12). In studies that used an inanimate, rubber snake to provoke fear, as in the current study, aspiration orbital frontal lesions have also been reported to reduce food retrieval latency and fear behaviors (Izquierdo et al., 2005; Kalin et al., 2007) . Animals in these two previous studies experienced the same rubber snake stimulus multiple times, either within the same day or across days. Since Kalin and colleagues (2007) only provided an average across all rubber snake presentations, it remains unclear if their operated animals differed from controls on the first rubber snake presentation. The study by Izquierdo and colleagues (2005) only found lower food retrieval latencies relative to control animals on the third, fourth and fifth presentations (see Figure 2A in Izquierdo et al., 2005) . On the first snake presentation, animals with orbital frontal lesions showed the same high level of snake avoidance as normal animals, which is again consistent with our findings. Similarly, Rudebeck and colleagues (2006) also found that animals with extensive ventromedial frontal damage did not differ from unoperated controls in passive avoidance when exposed to a rubber snake. It is reasonable to conclude that the contribution of the orbital frontal cortex and the hippocampal formation to fear of predatory stimuli may differ from that of the amygdala. Initial fear and avoidance of predators may be largely driven by the amygdala, but maintaining such a behavioral pattern over time and across contexts may require the concerted action of the orbital frontal cortex and hippocampal formation. Future studies with nonhuman primates, perhaps using functional neuroimaging techniques, are certainly needed to disentangle these issues regarding animate/inanimate stimuli and how defensive and avoidant behaviors are maintained through time and across experience.
Concluding Comments
The results presented here suggest that the neural mechanisms engaged when primates defend themselves are largely dependent on the specific stimulus encountered and how many times that stimulus has been experienced. Initial reactions to a potential predator (i.e., a coiled snake) appear to be largely dependent upon the integrity of the amygdala. Fear and avoidance to other stimuli that have gained their aversive connotations through experience may be mediated by a more diffuse neural network including, but not limited to, the amygdala, hippocampal formation, orbital frontal cortex, perirhinal cortex, entorhinal cortex, and/or anterior cingulate cortex. Further systematic exploration of the complex neural network that mediates fear reactivity in humans and nonhuman primates is certainly needed and will greatly advance the development of new and more effective treatments for anxiety disorders in humans. Coronal T1-weighted MR images acquired before surgery, Fluid Attenuated Inversion Recovery (FLAIR) MR images collected approximately 1 week after surgery, and estimated lesion extent in gray (left to right columns, respectively) showing the anterior, middle, and posterior hippocampal formation (top to bottom rows, respectively) for a representative case with a neurotoxic hippocampal formation lesion (H-ibo-5). The ideal extent of the lesion is drawn in black on the presurgical T1-weighted images and then transferred onto the postsurgical FLAIR images for reference. The numerals to the left of each row indicate the distance in millimeters from the interaural plane. amt anterior middle temporal sulcus; ERh = entorhinal cortex; ot = occipitotemporal sulcus; PRh = perirhinal cortex; pmt = posterior middle temporal sulcus; rs = rhinal sulcus; sts = superior temporal sulcus; TE, TEO, TF, TFO and TH = cytoarchitectonic fields described by von Bonin and Bailey (1947) . Reprinted with permission of the American Psychological Association. Coronal T1-weighted MR images acquired before surgery, T1-weighted MR images collected after surgery, and estimated lesion extent in gray (left to right columns, respectively) showing the anterior, middle, and posterior orbital frontal cortex (top to bottom rows, respectively) for a representative case with an aspiration orbital frontal cortex lesion (O-asp-1). The ideal extent of the lesion is drawn in black on the presurgical T1-weighted images and arrows in the middle column denote the medial and lateral extent of the lesion in each hemisphere. 10, 11, 12, 13, 14, and 46 = cytoarchitectonic fields of the frontal lobe as described by Carmichael and Price (1994) ; Ia = agranular insular area; mos = medial orbital sulcus; los = lateral orbital sulcus; PrCO = precentral opercular cortex. Reprinted with permission of the American Psychological Association. Table 1 Intended and Unintended Damage for All Experimental Groups Note. Data are the estimated percentage of normal volume that was damaged as assessed from MR images. Areas 11, 12, 13 , and 14 = cytoarchitectonic subregions of the macaque frontal lobe as defined by Carmichael and Price (1994) ; Ia = agranular insular area as defined by Carmichael and Price (1994) ; ERh = entorhinal cortex and PRh = perirhinal cortex as defined by Amaral and colleagues ; L = percentage of damage to the left hemisphere; R = percentage of damage to the right hemisphere; Avg = average of L and R; W=(L × R)/100 [weighted index as defined by Hodos and Bobko (1984) ]; X = group mean.
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